Neutron diffraction was used to describe the residual stress distributions in self-piercing riveted (SPR) joints. The sheet material displayed a compressive residual stress near the joint, and the stress gradually became tensile in the sheet material far away from the joint. The stress in the rivet leg was lower in the thick joint of the softer steel sheet than in the thin joint of the harder steel sheet. This lower magnitude was attributed to the lower force gradient during the rivet flaring stage of the SPR process curve. This study shows how the residual stress results may be related to the physical occurrences that happened during joining, using the characteristics curve. The study also shows that neutron diffraction technique enabled a crack in the rivet tip to be detected which was not apparent from a cross-section.
Introduction
Self-piercing riveting (SPR) is a cold forming joining technique used to fasten sheet material by mechanical interlock. Automotive industries are increasingly adopting this technique because of the growing use of light weight or dissimilar metal (such as galvanized steel, aluminium, and magnesium alloys) that is difficult to weld. During SPR joining, a mechanical interlock is created between the sheets by flaring of the rivet in the bottom sheet under the guidance of rivet internal geometry and a die ( Figure 1 ).
The SPR process is capable of joining multiple material stacks and dissimilar materials because of the formation of the mechanical interlock. However, the process requires plastic deformation of the rivet in the bottom sheet without cracking. The ability of a rivet to pierce and deform in a ductile manner becomes more limited with the introduction of higher strength lightweight materials.
Drossel and Jäckel [3] attempted to widen the operating window of SPR process for joining high strength low ductile materials by developing a new die. In their design, the sheet materials were superimposed with compressive stresses by a movable die during the SPR process. They were able to join aluminium die cast (AlSi9Mn) which has a limited elongation. He et al. [4, 5] reported joining of titanium, aluminium, and copper alloys. In addition, Meschut et al. [6] reported that more and more ultra-high strength materials and alloys are used in automotive industries, where limited deformation under load is required. To help optimize the SPR process for difficult materials and demanding applications, Finite Element Analysis (FEA) is required.
Bouchard et al. [7] conducted computational investigation of the behaviour of SPR joints in static and dynamic loading conditions. At first, they conducted a 2D simulation of the riveting process and then exported the 2D simulation outputs to a 3D model of the mechanical behaviour. They concluded that it is necessary to include plastic strain and residual stress developed during the SPR process in the 3D simulation for better prediction of the joint strength. A similar computational study was conducted by Grujicic et al. [8] to characterise the SPR joint behaviour as a function of different process variables. They also reached the conclusion that, in order to obtain the desired SPR joint mechanical properties, the plastic strain and residual stress state of both the rivet and sheet material should be included in the simulation. Porcaro et al. [9] investigated SPR joints in quasi-static loading using both numerical and experimental approaches. They performed the numerical simulation in two stages. At first, they performed FEA analysis of the riveting process and then they included the residual stress and local changes in material properties due to the riveting process in their 3D simulation of the mechanical behaviour. Good agreement was achieved between experimental and numerical simulation only when they included the residual stress due to the riveting operation in their 3D simulation. It should be noted that these residual stress values were obtained from the numerical simulation of the riveting process (first stage of their FEA), not from experimentally obtained values. Sun and Khaleel [10] optimized the static performance of the riveted joint by increasing the rivet length. They used a 480 HV rivet to join 2 mm AA5182-O (top sheet) + 1.6 mm DP600 (bottom sheet) with two different lengths (6 and 6.5 mm). The joint strength was increased from 3.7 to 5.3 kN with the 6.5 mm rivet. However, a long rivet requires more volume to be displaced, which can affect the residual stress developed inside the joint and ultimately affect the joint's performance in service.
FEA has been shown to be a useful tool to gain more understanding of the residual stress developed in the SPR process. Di Franco et al. [11] predicted the residual stress in SPR joints by FEA. The joints were produced using 1.5 mm carbon fibre and 1.3 mm basalt fibre reinforced plastics as top sheets and 2.7 mm thick aluminium (AA2024-T6) as bottom sheets and a rivet with a length of 6.5 mm. The simulation results showed a high stress (−1050 MPa) in the rivet but no validation was reported.
Swedish Institute for Metals Research (SIMR) performed a range of numerical simulations to predict residual strain and stress in ultra-high strength steel (UHSS) joints [12] [13] [14] [15] . Joining of UHSS (Hytens-1200, Hytens-800, and Trip-800) of various thickness (1 and 2 mm) was simulated. The magnitude of the stresses in the rivet was ranging from −1100 to −1600 MPa. However, no experimental study was reported for validation of the high level of compressive residual stress.
Residual stress can also influence the fatigue performance of SPR joints. Li et al. [16] studied the fatigue performance of SPR joints of aluminium alloy considering 5 different edge distances (5, 6, 8, 11.5 , and 14.5 mm), and with three or four values of load amplitude for each edge distances. They observed that, at low load amplitude, failure always occurred in the bottom sheet along the joint button. As the bottom sheet stretched in the die cavity during the SPR process, large residual stress/strain developed in the bottom sheet along the joint button. This large residual stress reduced the fatigue life of the bottom sheet around the joint button. They also concluded that crack initiation in the bottom sheet was caused by the local residual stress. However, no experimental values of residual stress/strain were reported.
Jin and Mallick [17] also studied the fatigue behaviour of SPR joints on aluminium alloy (5754-O) with six different thickness combinations (1 + 1, 1 + 2, 1 + 3, 2 + 2, 2 + 3, and 3 + 3 mm). Fatigue testing was performed at 15 Hz and the load ratio was 0.1 with a variety of maximum fatigue stresses ranging from 53.3 to 95.9 MPa. They reported that the fatigue life can be improved by inducing a compressive residual stress around the rivet head by coining. The coining was conducted using a MTS servohydraulic machine with a circular groove of 0.5 mm width and two different inner diameters (10 and 12 mm). Similarly, prestraining of material can also improve the fatigue performance. Han et al. [18] studied a joint of 2 + 2 mm NG 5754 joint (made with a 7 mm long rivet) and the materials were prestrained to three different levels (3, 5, Advances in Materials Science and Engineering 3 and 10%). Fatigue was performed at 20 Hz with a maximum load ranging from 2.7 kN to 4.5 kN. For each condition the minimum load was kept at 0.5 kN. They found that increasing prestraining led to better fatigue performance due to the reduction in the fretting scar. Similar result was found by Huang et al. [19] and Zhang et al. [20] : fatigue performance of SPR joint was significantly influenced by the residual stress developed during the plastic deformation of rivet and sheet materials. They studied the fatigue behaviour of SPR joints made up with aluminium, titanium, and copper alloys. They observed that fatigue performance of SPR joints can be improved by stress relief annealing.
To push the operating window of the SPR process it is necessary to gain more understanding of the deformation characteristics of the rivet and sheet materials in terms of residual stress. While FEA has been shown to be a useful tool to predict the residual stress and deformation of materials in the SPR process, the validation of most simulation studies reported in the literature [21] was shown by comparing the models output with the experimental force-displacement SPR process curves or cross sections of joints. There are few reports of residual stress measurements in the published literature.
A feasibility study on residual stress measurement in SPR joints by neutron diffraction was conducted by Haque et al. [22] [23] [24] for two different joints: aluminium-steel and steelsteel combinations. The authors showed that the nondestructive neutron diffraction technique successfully detected the position of the rivet leg and enabled variations in residual strain in the flared rivet in SPR joints to be measured. The same authors [25] conducted another study to characterise the residual stress in different joints of thick and strong sheets (2.5 mm + 2.5 mm steel, with yield strength of 450 MPa) and thin and soft sheets (1.5 mm + 1.5 mm steel, with a yield strength of 300 MPa). They found compressive residual stresses in the rivet. They also observed that the compressive residual stress in the rivet head was lower compared with the residual stress in the rivet leg.
The reason of conducting this study was to characterise the residual stress profiles in completely different SPR joint combinations and determine how they are related to the physical occurrences that happened during joining.
Experimental Procedure

Sample Preparation.
The aim of this study was to understand how the SPR process curve may be related to residual stress in the joints. The two SPR joints were produced using semitubular rivets. The rivets' length was 3 mm greater than the joints' stack thickness. One joint was made with a thin (1.5 mm), hard (270 HV) steel sheet and a hard (480 HV) rivet. The other joint was made with a thicker (2.5 mm), softer (198 HV) steel sheet and a harder (555 HV) rivet. More details of the steel properties can be obtained from BlueScope website [26] . The joints parameters are summarized in Table 1 .
Henrob's 2-stage hydraulic rivet setter with preclamp was used to produce the SPR joints while 250 bar was set as rivet setting pressure, and preclamp pressure was 130 bar. A linear variable differential transformer (LVDT), load cell, and pressure transducers were used to measure the punch displacement in riveting direction, force, rivet setting, and preclamp pressures, respectively, as a function of time. Details on the experimental setup and method of producing the force-displacement curve and identifying the physical occurrences that happen during SPR are described in a previous study [27] . Figure 2 shows the characteristics curves for the SPR joints under investigation.
Residual Stress Measurement.
Residual stress measurement by neutron diffraction was performed on the KOWARI Strain Scanner at the Australian Nuclear Science and Technology Organisation (ANSTO). Fe (211) diffracting plane was selected and the incident beam was a monochromatic beam of thermal neutrons with wavelength of 1.67Å. A 2D position sensitive 3 He detector recorded the diffraction peak. To utilize the Fe (211) reflection, the detector was positioned at normal (90 ∘ angle) to the incident beam. The experimental neutron diffraction setup is shown in Figure 3 .
The present joint sample under investigation was small. Thus, to achieve an optimum condition with respect to experimental counting time and spatial resolution, 0.5 × 0.5 × 0.5 mm 3 gauge volume was used. For accurate positioning (±100 m) of the sample on the instrument, a positioning software SScanSS [28] was used. Acquisition time of 900 seconds for sheet material and 1500 seconds for rivet was chosen based on previous optimization work [29] .
In the thin and hard steel joint I (1.5 mm + 1.5 mm G450 steel), residual strain components of three orthogonal directions (normal, transverse, and longitudinal) were measured at 5 points at the left side of the joint and 5 points at the right side of the joint along line AA (Figure 4(a) ). These points were located at a distance of 1 mm starting from −8.5 mm to −4.5 mm on the left side and from +4.5 mm to +8.5 mm on the right side, Figure 4 (a). Another 10 points were chosen along line BB. To obtain the stress distribution 4 Advances in Materials Science and Engineering in the rivet, 4 points along line CC and 2 points along lines DD and EE were chosen. All the measurement point locations along different lines are shown in Table 2 . These points were selected to ensure that all the neutron counts through the specified gauge volume are coming from the desired material.
Joint II was made up with thick and soft steel (2.5 mm + 2.5 mm G300 steel). To obtain the stress distribution in the sheet material, a sum of 11 measurement points was chosen. These points were shown in Figure 5 (a) and they were located along lines FF, GG, and HH. Another 6 measurement points located along lines FF, II, JJ, and HH lines were chosen in order to obtain stress distribution in rivet. Table 3 shows the different measurement locations along these lines. In the case of joint II, it should be noted that strain was measured only on the right half from the rivet axis due to the limitations on the availability of neutron beam time at ANSTO.
Rivets are manufactured by forging and to achieve the required hardness level they were heat treated. As a result, in an as-supplied unused rivet, stress may exist. Therefore, to calculate microstrain, a lattice r (user reference) was used as an alternative of strain-free ( 0 ) lattice. The reference lattice spacing r for the rivet material was determined from three point's average (two points in rivet leg and another one in rivet head) of an as-supplied unused rivet. The lattice r for the sheet material was taken from four points' average of a new sheet which were located at 1 mm from the four free corners. The values of the reference lattice r are summarized in Table 4 .
The following equations were used to determine the strain and error [30] :
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Finally, using the following formula residual stress was calculated [31] :
where (220 GPa) is the modulus of elasticity, ] (0.3) is the Poisson's ratio for rivet and steel material, and , , and denote three orthogonal directions. Figure 6 shows evaluated residual stresses in the top sheet located on line AA. A compressive behaviour was observed for the stresses near the rivet. However, stresses became tensile as they go far from the joint axis. It was clear from Figure 4 that the top sheet starts compressive bending toward the die cavity (by the clamping of the sheets between the nose of the rivet gun and die) at a distance of 6 mm from the rivet centre. Due to this bending, compressive residual stresses were observed in measurement points 4, 5, 6, and 7 along line AA which are situated between −5.5 mm and 5.5 mm from the rivet axis. Tensile residual stresses at points 1, 2, 8, 9, and 10 (situated beyond 6.5 mm from the rivet axis) counterbalance the above-mentioned compressive stresses. Maximum tensile residual stress was observed in longitudinal direction at point 7 (122 ± 15 MPa) which was situated at 7.5 mm from the rivet centre on the right side of the joint. Minimum compressive residual stresses were observed at 5.5 mm from the rivet axis (−201 ± 11 MPa in normal direction and −216 ± 15 MPa in transverse direction at point 4). The overall stress distribution was symmetric.
Results and Discussion
Stress Distribution in Joint I of
The stresses in the bottom sheet (BB line) are presented in Figure 7 . Like the top sheet, stress values were tensile away from the joint and compressive near the joint. However, compared with the top sheet, higher magnitude was observed for both tensile and compressive stresses in the bottom sheet. This is consistent with predictions made by Li et al. [16] that large value of stress/strain should occur in the bottom sheet as material is stretched inside the die cavity. Additionally, it is evident from Figure 4 that sharper bending occurred in the bottom sheet compared with the top sheet. Thus, higher tensile and compressive stresses were observed in the bottom sheet. A comparison of residual stress in longitudinal direction is shown in Figure 8 . The maximum tensile stresses observed in longitudinal direction at the two extreme measurement points (±8.5 mm from rivet centre) were 186 ± 16 MPa at location 11 and 176 ± 17 MPa at location 20. Minimum compressive residual stress measured at location 15 (4.5 mm far of the rivet axis) in the normal direction had a magnitude of −172 ± 14 MPa. The overall stress distribution was again symmetrical.
Residual stresses which were measured in the rivet along lines CC, DD, and EE are presented in Figure 9 . The stresses inside the rivet are compressive, reaching a value as high as Table 1 (thin joint) along lines AA and BB according to the lines presented in Figure 4 (a). Table 1 (thin joint).
−732 ± 19 MPa. A huge amount of energy was imparted to a very small volume during the riveting process, enclosing the rivet within the sheets at high setting pressure, thereby forcing the rivet and the top and bottom sheets together and causing them to act as a single body. For this reason the measured stresses inside the rivet were compressive and this was counterbalanced by the stress distribution observed in the top and bottom sheets. Compressive stresses of measurement points 21, 22, 23, and 24 which were located on the rivet head were similar (650 ± 19 MPa). Stresses determined in the rivet leg were asymmetric due to the asymmetric C-frame deflection. The maximum compressive stress was observed at location number 25 (rivet leg on the left side) with a value of −753 ± 16 MPa which was measured in the transverse direction.
The hardness ratio of 1.78 between rivet (480 HV) and sheet materials (270 HV) plays an important role in the residual stress profile inside the rivet. The higher the ratio, the lower the residual stress (in terms of magnitude) developed in the rivet. This experimental study (stresses ranging from −530 MPa to −750 MPa) showed consistency with numerically predicted values (−425 MPa to −765 MPa) stated for comparable positions in rivets [13] .
It should be noted that the overall measurement error was lower in the steel sheet compared to those for the rivet. The diffraction peak was broader in the rivet than that from the sheets (see Figure 10) . Also, the atomic structure of the rivet was martensitic. Thus, to achieve the desired accuracy (±50 m/ m) more neutron count was required as the measurement accuracy depends on the acquisition time [30] . In contrast, it was easy to detect the diffracted neutron peak in the top and bottom sheets whose ferritic microstructure yielded sharp neutron peaks ( Figure 10) . As a result, the residual strain/stress measured in the sheet material had a smaller error. Figure 11 shows evaluated residual stresses in the rivet and top sheet located on line FF. Unlike the previous joint, stresses in the top sheet material were found to be compressive. It is evident from Figure 5 that the top sheet started compressive bending in the die cavity at 8 mm distant from the rivet axis. A die with a large diameter (11 mm) was used to produce the joint compared with the previous joint (9 mm diameter die). Hence, the bending of the top sheet started at a distance of 8 mm from the riveting axis (it was 6 mm for the 1.5 mm + 1.5 mm joint). It was expected that the residual stress would become tensile beyond the distance of 8 mm from the rivet axis, based on a previous study by Haque et al. [25] which showed that, in a joint of different materials but produced with the same die diameter, the stress in the top sheet turns out to be tensile at 9 mm far away from the rivet axis. Also, the stress would become negligible at a distance of three times of the rivet diameter [22] . Here, the maximum compressive residual stress in the top sheet (−199 ± 20 MPa) was observed at point 3 which was 5 mm distant from the rivet axis and the direction was transverse.
Stress Distribution in Joint II of
The residual stresses that were observed in the bottom sheet ( Figure 12) showed a similar pattern. During the riveting process, the gradient of the force was low at the bending stage (Figure 2) for the thin joint. Thus, the amount of the compressive residual stresses in both the bottom and top sheets was lower in magnitude in the thin (joint I: 1.5 mm + 1.5 mm) joint compared with the thick (joint II: 2.5 mm + 2.5 mm) joint. Similar results were also obtained in different materials' combination as described in Haque et al. [25] . It is also evident from Figure 12 that the compressive residual stress was much higher at 2 mm away from the rivet axis compared with the other measurement locations, which indicates that this measurement location (point 7 along line GG as per Figure 5(a) ) was in the rivet, and not in the bottom sheet. This result was verified with a cross-section ( Figure 5(b) ) which was made after the neutron diffraction measurement.
The material behaviour inside the die was obtained by evaluating the stress along line HH. A compressive stress of high magnitude was observed in the rivet leg at 2.5 mm from the rivet axis ( Figure 13 ). The maximum value of the stress (−317 ± 26 MPa) was found in the longitudinal direction. A the top and bottom sheets. Therefore, the material inside the gauge volume was a mixture of the top and bottom sheets. Due to this reason an unexpected high compressive stress was observed at this point. The stress evaluated at 1.0 mm from the rivet axis on line HH was compressive as expected. Surprisingly the stress evaluated at 4.0 mm from rivet axis on line HH (measurement point 16) was found to be near zero. A tensile stress was expected instead of a zero residual stress, and, in order to identify the reason, the joint was crosssectioned after the neutron measurement. A crack was found in the bottom sheet, as shown in Figure 5(b) , which explained the occurrence of the zero residual stress at 4.0 mm from the rivet axis. Figure 14 shows the residual stresses inside the rivet at various points. It was clear that the magnitude of the stresses in the rivet head was low. The scale of the stresses increased at points 7 and 12 which were positioned in the leg of the rivet. The compressive stress (−438 ± 29 MPa) was observed at point 12 in the longitudinal direction. However, the magnitude started to decrease at points 15 and 17 which indicated that a crack had developed inside the rivet. In order to verify this hypothesis, the rivet was extracted from the joint carefully and a crack was observed inside the rivet tip (Figure 15(b) ). It should be noted that cross-sectioning of the joint ( Figure 5(b) ) did not enable the crack inside the rivet to be detected. On the other hand, no crack was observed in the extracted rivet of 1.5 mm + 1.5 mm G450 steel joint I (Figure 15(a) ). This residual stress (crack inside the rivet tip) also indicated that the joint parameters need to be optimized in order to have a crack-free joint.
Inside the rivet, the overall scale of the residual stress was higher in joint II (−530 MPa to −750 MPa) compared with joint I (−100 MPa to −440 MPa). The hardness ratio between rivet (555 HV) and sheet materials (198 HV) was 2.8. As the ratio is higher (compared to 1.78 for previous joint I), the magnitude of the residual stress in the rivet is lower. The low residual stress magnitude in the thick joint II (2.5 mm + 2.5 mm G300 steel joint) compared with the thin joint I (1.5 mm + 1.5 mm G450 steel joint) can also be linked to the low force gradient at the rivet flaring stage (Figure 2 ) of the riveting process.
Conclusions
The novelty of the present study was to characterise the residual stress distribution by neutron diffraction and to make a link between the residual stress distribution and SPR physical events. It is evident from results presented that the neutron diffraction method can successfully quantify residual stress variations in the rivet leg and detect cracking inside the joint (in both rivet tip and sheet material). The neutron diffraction technique enabled a crack in the rivet tip to be detected which was not apparent from the joint cross-section. The stresses evaluated in the rivets were compressive and the scale was higher in the rivet leg compared with the rivet head. In the rivet leg, the compressive residual scale was higher in the thin joint compared with the thick joint because of the comparatively higher gradient of force in the thin joint at the flaring stage of the SPR process and also due to the lower hardness ratio between rivet and sheet material. On the other hand, the residual stresses in the sheets of thick joint were higher when compared with those of thin joint due to the higher gradient of force for thick joint at the bending stage during SPR. The stresses in the bottom sheets were higher than in the top sheets for both joints as the bottom sheet material stretched inside the die cavity. The residual stress distribution presented in this work will be suitable for FEA model validation which can offer an optimum design guidance for different SPR joining conditions, especially for high strength low ductility materials.
